Genetic engineering in livestock was greatly enhanced by the emergence of clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9), which can be programmed with a single-guide RNA (sgRNA) to generate site-specific DNA breaks. However, the uncertainties caused by wide variations in sgRNA activity impede the utility of this system in generating genetically modified pigs. Here, we described a single blastocyst genotyping system to provide a simple and rapid solution to evaluate and compare the sgRNA efficiency at inducing indel mutations for a given gene locus. Assessment of sgRNA mutagenesis efficiencies can be achieved within 10 days from the design of the sgRNA. The most effective sgRNA selected by this system was successfully used to induce site-specific insertion through homology-directed repair at a frequency exceeding 13%. Additionally, the highly efficient gene deletion via the selected sgRNA was confirmed in pig fibroblast cells, which could serve as donor cells for somatic cell nuclear transfer. We further showed that direct cytoplasmic injection of Cas9 mRNA and the favorable sgRNA into zygotes could generate biallelic knockout piglets with an efficiency of up to 100%. Thus, our method considerably reduces the uncertainties and expands the practical possibilities of CRISPR/Cas9-mediated genome engineering in pigs.
hampered by establishment of cell lines with the desired genetic modification due to a lack of available germ line-competent pluripotent stem cells 8, 9 . Several genome-engineering techniques have been developed for guiding nucleases to induce site-specific double-strand breaks (DSBs) in the genome, making it possible to efficiently generate genetically modified pigs [10] [11] [12] [13] [14] [15] [16] . The recently developed Type II bacterial clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system has been recently developed and adapted to genome editing 10, 11 . This system requires a 20-nucleotide guide sequence contained within an associated CRISPR RNA (crRNA) transcript, a trans-activating crRNA (tracrRNA) partially complementary to the crRNA, and a Cas endonuclease to catalyze DNA cleavage 17 . The Cas9 endonuclease from the Streptococcus pyogenes type II CRISPR/Cas system can be engineered to produce targeted genome modifications in a sequence-specific manner by providing a synthetic single-guide RNA (sgRNA) consisting of a fusion of crRNA and tracrRNA 18 . This CRISPR/Cas9 system has been successfully adapted to generate genetically modified animals, including mice 19 , rats 20 , zebrafish 21 , frogs 22 , fruit flies 23 , monkeys 24 , and livestock [25] [26] [27] [28] . Recently, the CRISPR/Cas9 system was demonstrated to efficiently generate biallelic knockout pigs through a direct cytoplasmic injection of Cas9 mRNA and sgRNA into pig zygotes 25 . This indicated that the CRISPR/Cas9 system shows potential in complex pig genome engineering. However, given the lengthy gestation period and the high cost of housing, it is a challenge in pigs to confirm the presence of the indel mutation in the target sequence of modified pig genomes using chromatin samples from fetuses or newborn piglets after the completion of an actual experiment. Moreover, intensive labor and numerous sows are required to obtain a sufficient number of in vivo-derived zygotes. Therefore, an optimized CRISPR/Cas9-based genome engineering pig system can maximize the efficiency of genetic modifications.
Although sgRNA activity can be quite high, there is significant variability among sgRNAs in their ability to produce null alleles and sgRNA targeting efficiency varies significantly between loci and even between target sites within the same locus [29] [30] [31] . For precise genetic modification (knockin or base substitution), the targeting efficiency of the sgRNA is the most critical factor than general gene deletion 32 . Thus, selecting the most effective sgRNAs for a particular gene locus would greatly expand the utility of a porcine CRISPR/Cas9 system. In the present study, we rapidly estimated the sgRNA efficiency at inducing indel mutations by single blastocyst genotyping. Then, the most favorable sgRNA was verified by mediating knock-in in embryos and generating knockout pigs. Our method considerably reduces the uncertainties and expands the practical possibilities of genome engineering in livestock.
Results
Design and construction of CRISPR. MITF protein is a master regulator of melanocyte development and an important oncogene in melanoma 33 . Mutations in the human mitf gene have been found in patients with the hypopigmentation and deafness syndromes, Waardenburg (WS) and Tietz (TS) 34 . Recently, numerous pig models of human diseases have been developed using gene targeting approach owing to pig sharing more physiological similarities with humans. It prompts us to generate mitf genes knockout pigs to model human WS and TS syndromes. We designed four different sgRNAs (F1, F2, R1 and R2) that target 47 bp regions of exon 8 of the pig mitf gene (Fig. 1A) , which is a part of the basic helix-loop-helix leucine zipper (bHLH-Zip) domain sequence and is essential for MITF DNA-binding activity 35 . The sgRNA target sequence (20 nt) did not cross-react with any other sites in the pig genome and was followed by an NGG protospacer adjacent motif (PAM), which is necessary for Cas9 cleavage.
Cas9 mRNA was generated by the in vitro transcription of a linearized and T7 promoter-driven pXT7-hCas9 plasmid template, which included a human-codon-optimized version of Cas9 cDNA and nuclear localization signals (NLSs) at both ends of Cas9 (Fig. 1B) . The T7-sgRNA PCR products for the in vitro transcription of sgRNA were obtained as described in the Material & Methods section. Only good-quality, purified sgRNAs and Cas9 mRNA (as assessed by gel electrophoresis) were used for oocyte injections (Fig. 1B) .
Rapidly selecting the most effective sgRNAs by single blastocyst genotyping. The lack of a simple platform to unbiasedly evaluate the efficacies of sgRNA creates uncertainties and restricts the ability to modify the pig genome. Toward this end, we developed an experimental system to rapidly select the most favorable sgRNA for a specific gene locus based on single-blastocyst genotyping. An overview of the experimental process with approximate timings is shown in Fig. 2A .
To compare the mutagenesis efficiencies of different sgRNAs, approximately 2-10 pL of RNA mixture (containing 125 ng/μ L of Cas9 mRNA and 12.5 ng/μ L of individual sgRNA) were microinjected into the cytoplasm of mature MII pig oocytes. After parthenogenetic activation, oocytes were cultured to the blastocyst stage. The in vitro blastocyst rate of oocytes injected with Cas9 mRNA/sgRNA (F1, 27.68%; F2, 25.99%; R1, 26.61%; R2, 25.44%; respectively) and oocytes injected with water (28.16%) were normal and comparable with each other ( Table 1 ), suggesting that the Cas9 mRNA and sgRNA had low or no toxicity for early pig embryonic development. A single blastocyst was randomly selected and lysed for genotyping analysis.
PCR products, including the target site, were amplified and analyzed by restriction fragment length polymorphism (RFLP) for identification of the mutations (Fig. 2B) . A failure of the restriction enzyme digestion suggested the occurrence of DNA sequence mutations in the target regions. Some of the non-digested PCR products were sequenced and aligned to reference sequences, which confirmed that the losses of the respective restriction sites were due to mutations at the target sites (Fig. 2B) .
The RFLP analysis showed that all four sgRNAs could induce indel mutations in the target region but with different mutagenesis efficiencies. As summarized in Table 1 , the sgRNAs generated the mutant embryos at approximately 50-80% efficiencies. Among the tested sgRNAs, the R1 sgRNA produced approximately 12% monoallelic and 69% biallelic mutant embryos, suggesting that R1 was the most favorable sgRNA for the CRISPR/Cas9 system in this target region.
Highly efficient R1 sgRNA-mediated knock-in in porcine embryo. The DSBs mediated by CRISPR/Cas9 can stimulate a homologous recombination in the presence of a DNA donor with the appropriate homology arms. Recent works have demonstrated that single-stranded DNA oligonucleotides (ssODNs) can be used as substitutes for conventional plasmid-based targeting vectors as donor templates for homology-directed repair (HDR) 36 . Because of its high mutagenesis efficiency, we hypothesized that R1 sgRNA could assist in HDR. Hence, we co-injected Cas9 mRNA, sgRNA and ssODN (Fig. 3A) . After parthenogenetic activation, oocytes were cultured to the blastocyst stage and single blastocysts were picked for genotyping. In these experiments, the RFLP assays, as shown in Fig. 3B , identified 3 out of 23 R1 sgRNA-injected blastocysts carrying the KpnI site at the target locus, indicating R1 sgRNA yielded an HDR efficiency as high as 13.04% with ssODN at a concentration of 80 ng/μ L. Subsequent sequence analyses indicated two precise KpnI site insertions, which demonstrated successful targeted restriction site insertions by R1 sgRNA-mediated HDR in pig embryos (Fig. 3B) . Another insertion showed a precise addition at the 3′ end, whereas 117 bps indels were noted at the 5′ side of the modification site (Fig. 3C ). In addition, we failed to detect HDR induced by F2 sgRNA or R1 sgRNA with 10 ng/μ L ssODN ( Table 2 ), suggesting that CRISPR/Cas9 and ssODN-mediated HDR were highly dependent on the targeting efficiency and the ssODN concentration. One blastocyst showed precise addition at the 3′ end, and 117 bp indels were noted at the 5′ side of the modification site. The sgRNA sequence is labeled in red, and the PAM sequence is labeled in purple. KpnI sequence is underlined.
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To determine whether the selected sgRNA by mRNA injection into PA-derived blastocysts can induce highly efficient mutations in somatic cells, we investigated the mutagenesis efficiencies of different sgRNAs in porcine primary fibroblasts. The plasmids expressing Cas9 and R1 or R2 sgRNA were transfected into fibroblasts, and transfected single cells were sorted and cultured in 96-well plates. Of 17 colonies obtained by R1 sgRNA transfections, eight carried mutations in the target sequence and seven had biallelic mutations. However, of the 10 colonies obtained by R2 sgRNA transfection, only two colonies carried mutations in the target sequence, and none had biallelic mutations (Fig. 4) . The results (summarized in Table 3 ) demonstrated that the mutagenesis efficiencies of sgRNAs in fibroblasts were comparative with those in single blastocyst assays, suggesting that the mutagenesis efficiencies of a given sgRNA were consistent in both embryo and somatic cells.
Generation of Mitf knockout pigs by zygote injection of R1 sgRNA and Cas9 mRNA. The ultimate aim of this study was to efficiently generate genetically modified pigs through the direct cytoplasmic injections of Cas9 mRNA and sgRNA into zygotes. Thus, we next transferred the Cas9 mRNA and R1 sgRNA-injected zygotes into surrogate pigs to produce piglets. A total of 40 embryos were delivered to 3 surrogates, and one pregnancy was established (Table 4) . Two live-born piglets were obtained and showed the white coat-color phenotype over its entire body (Fig. 5A) ; the wild-type pigs exhibited pigment deposition at the two ends of the body (Fig. 5A) . RFLP (Fig. 5B ) and sequence analysis (Fig. 5C ) assays showed that the piglets were all genotyped as bi-allelic mutations, suggesting that R1 sgRNA could efficiently facilitate the CRISPR/Cas9 system to generate Mitf knockout pigs. The skin tissues of the tail were dissected from the mutant piglets, and Western blot analysis was performed to confirm the disruption of MITF in these pigs. Compared with wild-type piglet, MITF was completely absent in the two mutant piglets (Fig. 5D) . Moreover, the genomic DNA isolated from the two mutant piglets were used to perform off-target analyses. The fragments around the potential off-target loci were amplified and sequenced. No unwanted mutations occurred at these genomic sites of the two mutant piglets (Supplemental Table S2 and Figure S1 ). 
Discussion
The CRISPR/Cas9 system could efficiently generate genetically modified pigs for agricultural and biomedical purposes. However, prior studies have suggested that there are significant variabilities among sgRNAs in their ability to produce null alleles [29] [30] [31] . The herein described single blastocyst genotyping system provides a simple method to evaluate and compare the mutagenesis efficiency of different sgRNAs for a given gene locus. Using this system, the most favorable sgRNA rapidly and inexpensively creates genetically modified living organisms, especially large livestock animals, such as pigs.
The chromatin environment around the target sites and sgRNAs sequence features have recently been identified as major factors governing the on-target efficacy of the CRISPR/Cas9 system 37, 38 . The former affected the ability of Cas9 to find the PAM and bind DNA with the seed region of the sgRNA. In this study, it was unlikely that the variability of sgRNAs mutagenesis efficiencies were due to differences in local chromatin structures because the four studied sgRNAs target sites were in a 47 bp region. Rather, the sgRNA sequence itself likely affected the mutagenesis efficiencies. Indeed, Doench et al., quantitatively assayed the activity of thousands of sgRNAs to uncover sequence features that modulate the ability of Cas9 to bind DNA, cleave the target site and produce a null allele, and found sequence features that are predictive of sgRNA activity 29 . For example, the high-activity sgRNA strongly preferred guanine in sequence position 20 and the nucleotide immediately adjacent to the PAM, whereas cytosine was strongly unfavorable. In agreement with this observation, in the present study, the R1 sgRNA with high activity was characterized by guanine at position 20, and the F2 sgRNA with a relatively low activitywas characterized by cytosineat this position. However, we failed to meet the sequence features in position 16 and the nucleotide sequence of the PAM. Additional studies utilizing a combination of bioinformatics techniques and actual experimental systems will more objectively provide an assessment of the mutagenesis efficiencies of different sgRNAs. Sakurai et al. 39 also described a single blastocyst assay for detecting mutations introduced by the CRISPR/Cas9 system based on whole genome amplification (WGA) technology. Although WGA enables multiple analyses of genomic DNA, it increases the duration and costs and potentially introduces unwanted mutations. A target proto spacer DNA reporter system was recently developed to test the efficiency of sgRNA targeting in in vitro cultured cells by artificially locating sgRNA target sites on extra-chromosomal plasmids 40 . Consequently, the application of this system is limited because does not mimic the natural chromatin environment around the target sites and requires a steady transfection efficiency. Zhou et al. reported that the simultaneous use of dual sgRNAs to target an individual gene significantly improved the Cas9-mediated genome targeting with a bi-allelic modification efficiency of up to 78% 41 . What is noteworthy is that more sgRNAs would give rise to higher rates of off-target mutagenesis. Our described single-blastocyst genotyping system overcame the above defects, but should be used with caution. The blastocysts tested in this study were obtained from parthenogenetically activated oocytes. Several studies have demonstrated that parthenogenetic and fertilized embryos present different chromatin environmentsand DNA methylation patterns around the imprinting control regions [42] [43] [44] . This indicates that the mutagenesis efficiencies of different sgRNAs for an imprinting gene locus might be not comparable.
As described above, the ultimate aim of this study was to efficiently generate genetically modified pigs. To verify the effectiveness of our system, the selected R1 sgRNA was used to mediate oligonucleotide knock-in in porcine embryos and to generate the gene knockout piglets. The most efficient R1 sgRNA produced 13.04% knock-in rates. Additionally, with respect to precise integrations at 8.7%, the rate of HDR was still higher. To the best of our knowledge, this study is the first to demonstrate ssODN knock-in by a CRISPR/Cas9 system in pig. In targeting the gene locus in vivo via zygote injection, R1 sgRNA improved the Cas9-mediated genome targeting with a bi-allelic modification efficiency up to 100%. This suggests that our system could maximize sgRNA activity.
In conclusion, we developed a single blastocyst genotyping system to provide a simple and rapid method to evaluate and compare the efficiency of sgRNAs at inducing indel mutations introduced by the CRISPR/Cas9 system for a given gene locus. The efficiency of the selected sgRNA was confirmed by the success of site-specific knock-ins, efficient gene targeting in porcine fibroblasts and the generation of a bi-allelic gene targeting pig model. Our method considerably reduced the uncertainties and expanded the practical possibilities of CRISPR/Cas9-mediated genome engineering in pigs.
Material and Methods
Chemical and Reagents. Unless otherwise stated, all chemicals were purchased from Sigma (St. Recovery of in-vivo-derived zygotes. In vivo zygotes were retrieved surgically from natural mating gilts. The animals were monitored for estrus twice daily by observing their response to a mature boar, reddening of the vulva, and vaginal mucus secretions. The gilts were mated immediately with a mature boar following detection of estrus. After 24 h, surgeries were performed to excise the urogenital tract under general anesthesia. The number of zygotes in the oviduct was estimated by examining the ovaries and counting the ruptured follicles. Zygotes were flushed from the oviducts by using a 10-ml syringe twice with prewarmed PBS containing 1% (vol/vol) polyvinyl alcohol (PVA). Recovered zygotes were washed and ready for cytoplasmic microinjection of RNAs.
Production of Cas9 mRNA and sgRNA. The pXT7-hCas9 plasmid for the in vitro transcription of humanized Cas9 mRNA was obtained from the China Zebrafish Resource Center. The vector was linearized by XbaI (New England Biolabs, Inc., MA, USA) digestion. Capped mRNA was synthesized using Ambion mMESSAGE mMACHINE mRNA transcription synthesis kits (Life Technologies) and purified using the RNAclean Kit (Tiangen, Beijing, China).
Guide RNAs were designed using an online tool provided by Feng Zhang's Laboratory at the MIT/ BROAD Institute (http://crispr.mit.edu/). The T7 promoter was added to the sgRNA template by PCR amplification using primers (Supplemental Tables S1). The T7-sgRNA PCR product was gel-purified and used as the in vitro transcription template using a MEGAshortscript T7 kit (Life Technologies, US). The sgRNAs were subsequently purified using a mirVana ™ miRNA Isolation Kit (Life Technologies, US) and eluted into RNase-free water. The qualities of the RNAs were checked by gel electrophoresis.
Oocyte collection and in vitro maturation. Porcine ovaries were collected from prepubertal gilts at a local slaughterhouse and transported to the laboratory in a vacuum flask (30-35 °C) containing sterile physiological saline within 2-3 h of collection. Follicles between 2 mm and 6 mm indiameter were aspirated with an 18-gauge needle attached to a 10-mL syringe. Cumulus-oocyte complexes (COCs) within the follicular fluid were allowed to settle by gravity at 37 °C. The COCs were rinsed three times in HEPES-buffered Tyrode medium containing 0.01% PVA in an incubator at 37 °C. COCs with multiple layers of intact cumulus cells and uniform ooplasm were selected for IVM. After washing three times in IVM medium, a group of 70-80 COCs were placed into wells of four-well cell culture plates (Nunc, Roskilde, Denmark) containing 500 μ L in vitro maturation medium and 350 μ L mineral oil per well. The COCs were cultured for 42-44 h at 38.5 °C and 5% CO2 in air (100% humidity). Matured COCs were then vortexed in 0.1% hyaluronidase in HEPES-buffered Tyrode medium containing 0.01% PVA for 4 min to remove the cumulus cells. Only the matured oocytes having an extruded first polar body (PB) with uniform cytoplasm were further used.
Preparation of single-stranded DNA oligonucleotides (ssODN). The ssODN donor templates (Supplemental Tables S1) were synthesized as normal oligonucleotides and purified by PAGE (Life Technologies, US). ssODNs were diluted with RNase free water to 100 μ M, divided into aliquots and stored at − 20 °C.
Cytoplasmic microinjection of RNAs. Cas9 mRNA, gRNA or ssODN was injected into the cytoplasm of matured oocytes or zygotes using a FemtoJet microinjector (Eppendorf; Hamburg, Germany) according to previous reports. To select the highest efficient sgRNA, in vitro-produced parthenogenetic embryos were used in a preliminary experiment. Parthenogenetic activation of the injected oocytes wasaccomplished with two direct current pulses (1-sec intervals) of 1.2 kV/cm for 30 microseconds provided by a BTX Electro-cell Manipulator 200 (BTX, San Diego, CA) in fusion medium. Then, the activated oocytes were cultured to blastocyst stage for genotyping in PZM3 medium for 144 hours at 38.5 °C and 5% CO 2 in humidified air.
Single blastocyst genotyping. Crude DNA derived from a single blastocyst was prepared according to the method described by Sakurai et al. 39 with some modifications. Briefly, under a stereomicroscope (Leica, Germany), 0.5 μ L of PBS (pH 7.4) containing 1 blastocyst was transferred to the wall near the bottom of a 0.2-mL PCR tube using a micropipette. Thereafter, 9 μ L of lysis buffer and 0.5 μ L PCR-grade Proteinase K (both from TIANcombi DNA Lyse&Amp PCR Kit, Tiangen Biotech, Beijing, China) was gently added to each tube. After a brief centrifugation, 0. Table S1 . The identity of each PCR product was confirmed by restriction fragment length polymorphism (RFLP) analysis. Ten microliters of PCR product was digested with BsaJI, HpyCH4V or DraI (New England Biolabs, US), respectively. The reaction products were separated by 2% agarose gel electrophoresis in the presence of ethidium bromide solution, and visualized with a UV transilluminator (UVP, Upland, CA).
Embryo transfer. The surviving embryos were transferred into the oviduct of recipient gilts on the day or 1 day after the onset of estrusfollowing a mid-line laparotomy under general anesthesia. Pregnancy was diagnosed after 28 days, and then each pig was checked regularly at 2-week intervals by ultrasound examination. All of the microinjected piglets were delivered by natural birth.
Design and construction of CRISPR/Cas9 plasmids. To obtain CRISPR/Cas9 constructs targeting genomic sequences, the pX330 vector, created by the laboratory of Dr. Feng Zhang and obtained from Addgene (Plasmid 42230), was used. The R1 and R2 sgRNA genome targeting sequences were cloned into the pX330 vector as previously described 45 .
Cell culture and transfection. Porcine primary fetal fibroblast cells (FFCs) were cultured and transfected as previously described 46 . The pCAG-GFP plasmid was co-transfected with pX330 plasmid to be used as an indicator for FACS sorting. Forty-eight hours after transfection, cells were subjected to FACS sorting based on the expression of EGFP fluorescence. Single cells were plated in each well of 96-well plates and cultured for approximately 10 days in cell culture medium supplemented with 2.5 ng/mL basic fibroblast growth factor (Sigma, St. Louis, MO). The medium was replaced every 4 days. Confluent cell colonies were propagated and genotyped by RFLP assay and sequencing.
Sanger sequencing of mutated sites. Mutagenesis at the targeted site was assessed by PCR-based assays. The PCR products were cloned into pMD18-T vectors (Takara) and transformed into Ε.coli Scientific RepoRts | 5:13348 | DOi: 10.1038/srep13348 DH5-α competent cells (Tiangen). Fifteen positive colonies were picked and sequenced. Mutations were identified by alignment of the sequenced alleles to the wild-type alleles.
Western blot analysis. The skin tissues of the tail were obtained from wild type or mutant pigs.
Twenty to thirty milligrams of skin tissues were homogenized in RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA) and then centrifuged at 600 × g for 15 min to pellet any insoluble material, and 50 μg of protein was subjected to Western blot analysis. The MITF antibody (ab12039) was purchased from Abcam (Cambridge, MA, USA), and a concentration of 1:1000 was used to detect the expression of MITF in skin tissues. GAPDH was used as housekeeping genes to confirm equal sample loading. The GAPDH antibody (cw0101) was purchased from Cwbiotech (Beijing, China).
Off-target analysis. A total of 39 potential R1 sgRNA off-target sites in the pig genome were predicted by the CRISPR design tool (http://crispr.mit.edu/). The first ten hits, termed off-target 01 through off-target 10 sites (Supplemental Table S2 ) were PCR amplified and subjected to TA cloning, respectively. Fifteen positive colonies for each potential off-target site were randomly selected and sequenced. The primers for amplifying the off-target sites are listed in Supplemental Table S1 .
